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ABSTRACT 
A novel and selective electrochemical functionalization of a highly reactive superporous zeolite 
templated carbon (ZTC) with two different aminobenzene acids (2-aminobenzoic and 4-
aminobenzoic acid) was achieved. The functionalization was done through potentiodynamic 
treatment in acid media under oxidative conditions, which were optimized to preserve the 
unique ZTC structure. Interestingly, it was possible to avoid the electrochemical oxidation of 
the highly reactive ZTC structure by controlling the potential limit of the potentiodynamic 
experiment in presence of aminobenzene acids. The electrochemical characterization 
demonstrated the formation of polymer chains along with covalently bonded functionalities to 
the ZTC surface. The functionalized ZTCs showed several redox processes, producing a 
capacitance increase in both basic and acid media.  The rate performance showed that the 
capacitance increase is retained at scan rates as high as 100 mVs-1, indicating that there is a fast 
charge transfer between the polymer chains formed inside the ZTC porosity or the new surface 
functionalities and the ZTC itself. The success of the proposed approach was also confirmed by 
using other characterization techniques, which confirmed the presence of different nitrogen 
groups in the ZTC surface. This promising method could be used to achieve highly selective 
functionalization of highly porous carbon materials. 
*Corresponding author. Tel. +34965903946. E-mail: cazorla@ua.es  
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1. INTRODUCTION 
Zeolite template carbons constitute a family of highly porous nanostructured carbon materials 
which are prepared using a zeolite as hard template. After filling the porosity of the zeolite with 
carbon, the zeolite is removed, releasing a negative carbon replica of the parent structure. If the 
synthesis conditions are properly selected, a kind of highly microporous material being 
composed by a few stacked (or even one) graphene layers of high curvature can be obtained, 
showing outstanding electrochemical properties [1]. An illustrative example of such materials is 
the Zeolite Templated Carbon (ZTC) obtained using the zeolite Y as template [2]. ZTC has a 
well-defined, ordered and highly interconnected microporosity, high specific surface area 
(reaching values close to 4000 m2 g-1), large number of edge sites and high ordered structure, 
similar to the parent zeolite. Because of its properties, this carbon material is very interesting for 
fundamental studies, and also shows a high potential for different applications, i.e. adsorption, 
electrode for EDLC, catalyst support, energy storage and fuel cells [1], [3]. Moreover, the 
controlled modification of the surface chemistry of this extraordinary material could enhance its 
properties for the applications mentioned above or other fields.   
However, due to the high reactivity of ZTC and the high concentration of edge sites, its 
functionalization avoiding important structural changes is a challenge. As an example, the 
introduction of surface oxygen groups through conventional chemical oxidation produces a               
strong damage of the 3D-dimensionally ordered structure [4]. It was found that the use of 
electrochemical techniques can control the process with high accuracy without high structural 
changes [4], [5].  This is because electrochemical techniques have several advantages compared 
to the conventional chemical routes: i) they are simple and can be immediately interrupted, 
providing a better control on the time of the treatment, ii) can be run at room temperature and 
atmospheric pressure, iii) can work with small amount of reagents and sample, iv) the reaction 
conditions are very reproducible and, v) they are processes with very high sensitivity and 
selectivity [6].  
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The modification of ZTC with other heteroatoms like N-containing functional groups would 
open new possibilities for new applications. It is known that the generation of nitrogen surface 
groups is of high interest due to the number of applications that are available for nitrogen-doped 
carbon materials. Among others, they are of interest for increasing the electrochemical activity 
of carbon materials in the oxygen reduction reaction [7], [8]; for increasing the capacitance, rate 
performance and durability as electrodes of supercapacitors [9]–[11]; for enhancement of gas 
and liquid adsorption of acid adsorbates [12]; for the preparation of novel heterogeneous 
catalysts [13], [14] and for the immobilization of bio-molecules [15]. The synthesis of N-
containing ZTC is done using chemical vapor deposition during its synthesis with which N-
species are incorporated in the carbon network [16]–[20]; however, it is not possible to control 
the type of N-species and it inevitably becomes diverse. Post-synthesis modification without 
structure destruction of ZTC would be a highly desirable method for selective introduction of 
specific N-containing functional groups. 
Electrochemical techniques have been successfully used for the covalent and non-covalent 
functionalization of different carbon materials with nitrogen functional groups [21], [22] and 
polymers [23], [24]. The modification of carbon nanotubes using 4-aminobenzoic acid (4-
ABA), 4-aminobenzenesulfonic acid (4-ABSA) and 4-aminobenzylphosphonic acid (4-ABPA) 
in aqueous solution, is an illustrative example of the potential of this method to functionalize 
with different heteroatoms [8], [25]–[27].  
Considering the potential improvement for several applications of modified ZTC with different 
nitrogen functionalities, in this study, we will use electrochemical methods to introduce N-
species in the ZTC taking into account that the experimental conditions can be precisely 
controlled and that different N-containing molecules can be used, thus increasing the 
possibilities of modification of the chemical properties of the carbon material. We will analyze 
the electrochemical functionalization of ZTC with two different aminobenzene acids: 2-
aminobenzoic acid (2-ABA) and 4-aminobenzoic acid (4-ABA). The acids have the carboxylic 
group in ortho- and para-positions in their structure, respectively, and it determines the 
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reactivity and possible polymerization over the ZTC surface. The study of the electrochemical 
functionalization includes different conditions that are tested in order to preserve the ZTC 
structure after introducing new functionalities on its surface, giving possible routes for a 
controlled modification. The influence of such functionalization on the electrochemical 
behavior of ZTC is also determined in this work. 
 
2. EXPERIMENTAL 
2.1. ZTC synthesis 
ZTC was prepared using zeolite Y (Na-form, SiO2/Al2O3 = 5.6, obtained from Tosoh Co. Ltd.) 
as a template by the method reported elsewhere [4], [5], [28] . 2 and 4-aminobenzoic acids (2-
ABA and 4-ABA, respectively), sulfuric acid (1 M), perchloric acid (70%), and the potassium 
hydroxide were purchased from Wako Chemicals GmbH.  
2.2. Electrochemical modification of ZTC 
The working electrode was prepared with a paste of ZTC consisting of ZTC, acetylene black 
(Denka black, Denki Kagaku Kogyo Kabushiki Kaisha) as a conductive promoter and PTFE 
(Du Pont-Mitsui Fluorochemicals Company, Ltd.) as binder in a proportion 90:5:5, respectively. 
A squared-molded ZTC dry paste containing ~6 mg of ZTC and 1 cm2 was placed in a Pt mesh 
and pressed at 300 kg cm-2 for 5 min. The electrode was dried for 6 h in vacuum, in order to 
remove all the humidity and adsorbed gases from the carbon porosity, and thus allowing 
accurate determination of the active phase using in the experiments.  
The electrochemical modification of ZTC was performed in a three-electrode cell, with the 
working electrode prepared as mentioned above, a platinum wire as counter electrode and 
Ag/AgCl electrode as reference electrode. Potentiodynamic functionalization was achieved by 
submitting the sample to cyclic voltammetry in a 0.1 M HClO4 solution containing 1 mM of the 
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respective amino-benzoic acid (2-ABA or 4-ABA), where the potential was scanned between 0 
and 1.1 V (vs. Ag/AgCl) at different scan rates. 
2.3. Structural, chemical and electrochemical characterization 
The structure of the prepared materials was studied by XRD using Cu-Kα radiation at 30 kV 
and 20 mA. The surface composition and oxidation states of the species in the materials were 
studied by X-ray photoelectron spectroscopy (XPS) (X-ray photoelectron spectrometer JEOL, 
JPS-9200) using Mg Kα radiation at 12 kV and 25 mA. Temperature programmed desorption 
(TPD) experiments were carried out in a DSC-TGA equipment (TA Instruments, SDT 2960 
Simultaneous) coupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3). The 
thermobalance was purged for 2 h under a helium flow rate of 100 ml min-1 and then heated up 
to 950 °C (heating rate 20 °C min-1).   
Fourier Transform Infrared Spectroscopy (FTIR) was used to verify the functionalization 
process. The samples were dried at 100 ºC for 12 h prior to the experiments. The spectra were 
recorded between 4000 and 600 cm-1 using an IR spectrometer (JASCO FT/IR-4100) with a 
MCT detector. 
The electrochemical characterization of the electrodes was performed using the same standard 
three-electrode cell configuration already described. The modified electrode was used as 
working electrode. Two aqueous electrolytes with different pH were used: acid (1M H2SO4) and 
basic media (0.1 M KOH). Prior to the measurements, the electrodes that were electro-modified 
in 0.1M HClO4 were rinsed in ultrapure water for 5 h and soaked in the corresponding 
electrolyte for 24 h. The electrochemical behavior was studied by cyclic voltammetry (CV) 
between -0.2 and 0.8 V (vs. Ag/AgCl) for H2SO4, and -0.9 and 0.1 V (vs. Ag/AgCl) for KOH at 
different scan rates, from 1 to 100 mV s-1. In order to analyze the effect of the functionalization 
procedure in the conductivity of the materials, measurements of electrochemical impedance 
spectroscopy (EIS) were performed in the same system described above, before and after the 
electrochemical modification and the rate performance study. Impedance spectra were measured 
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at the initial open circuit potential in the frequency range of 10 mHz to 100 kHz with an 
amplitude voltage of 10 mV. 
3. RESULTS AND DISCUSSION  
3.1. Electrochemical behavior of ZTC in 0.1M HClO4  
Prior to the electrochemical functionalization experiments, a CV run in absence of any ABA 
monomer in the solution was performed in the electrolyte of choice for understanding the 
behavior of the ZTC under these conditions. ZTC shows a large oxidation current above 0.6 V 
in the first anodic scan (Fig. 1a). This fact has been already reported in the literature [5], [29] 
and is related to the oxidation of the ZTC, which is highly reactive because of a large number of 
edge sites [5], leading to a direct electro-oxidation mechanism upon positive polarization in acid 
media. The subsequent cycles show that the oxidation current decreases. At the end of the 
process it is possible to observe new redox processes at about 0.30 to 0.40 V that are attributed 
to formation of quinone groups over the ZTC surface which were introduced during the 
oxidation process [4], Thus, this experiment confirms that ZTC is easily electrochemically 
oxidized in this electrolyte even using low potentials.  
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Fig 1. Cyclic voltammetry of an electrode of ZTC in (a) 0.1M HClO4  and (b) 0.1M HClO4  + 
1mM 4-ABA at 1 mV s-1, 5 cycles. 
3.2. Direct-potentiodynamic electrochemical functionalization of ZTC up to 1.1 V 
Fig. 1b shows the CV of the experiment using the 4-ABA in the solution and a potential 
window from 0 to 1.1 V at 1 mV s-1. The peak corresponding to the amine oxidation clearly 
appears at 0.84 V (marked by a solid arrow, Fig. 1b), and decreases with the number of cycles 
[8], [30], as well as the oxidation current at higher potentials. It can also be observed that after 
the first cycle, several redox processes appear at 0.35 and 0.5 V (dashed arrows, Fig. 1b), which 
increase with the number of cycles. It is important to note that, in spite of the well-known 
tendency of ZTC to be electrochemically oxidized through a direct mechanism in acid media 
[4], [29], leading to the formation of electroactive surface oxygen groups, the redox peaks 
obtained in the presence of 4-ABA after the first positive scans are found at different potentials, 
and therefore are expected to come from a different origin. Moreover, the total irreversible 
charge measured after this electrochemical treatment is different when it is conducted in the 
presence of 4-ABA, being 56 C g-1 higher when the aminobenzoic acid is added in the working 
electrolyte. Since the amount of charge is larger than that consumed during the direct 
electrochemical oxidation of ZTC (blank experiment), some charge is being used in the 
oxidation of the 4-ABA monomers. The activated monomers could then be attached directly to 
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the surface of ZTC (covalent functionalization) or form 4-ABA oligomers, potentially rendering 
non-covalent functionalization. This result seems to confirm that ZTC surface can be 
functionalized using this electrochemical treatment. 
 3.3. Step-wise-potentiodynamic electrochemical functionalization of ZTC 
In order to define the optimal conditions to functionalize ZTC, several conditions were tested 
with 4-ABA. The experiments were done by using cyclic voltammetry at a higher scan rate (5 
mV s-1) in HClO4 + 1 mM of 4-ABA and increasing the more positive potential to higher values 
from 0.6 to 1.1 V. Fig. 2 shows the voltammograms corresponding to those experiments. It can 
be observed that initially, there is no oxidation current using a positive potential of 0.6 V. In 
contrast, when higher potentials are applied, an irreversible oxidation current appears, which is 
followed by an increase of the area enclosed by the CV. It is also evident that the irreversible 
oxidation current decreases with the cycles, which points out the depletion of reactive sites from 
the ZTC surface. Thus, the intensity in the 0-0.6 V region gradually increases when the higher 
potential is stepped in the positive side up to 0.8 V, 1.0 V and 1.1 V. The increase of the 
voltammetric charge seems to be related to the formation of slightly irreversible redox 
processes, being these worse defined than in the experiment in Fig. 1b due to the use of a higher 
scan rate. 
   
Fig 2. Cyclic voltammetry of an electrode of ZTC in 0.1M HClO4 + 1mM 4-ABA solution at 5 
mV s-1. 4 cycles in each positive potential. 
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3.4. Electrochemical behavior of the initial 4-ABA modified electrodes 
For a better resolution of the redox processes resulting from the formation of ABA-related 
electroactive species, Fig. 3 shows the electrochemical behavior in 1M H2SO4 solution of the 
electrode obtained after step-wise functionalization (the treatment shown in Fig. 2). The areas 
obtained from the cyclic voltammetry experiments are very similar in all samples. This indicates 
that the accessible porosity is similar before and after the functionalization process. The CV of 
4-ABA functionalized ZTC (ZTC_4-ABA) displays the formation of a well-defined redox 
process at 0.49 V and a very broad peak at lower potentials (0-0.5 V). The broad peak centered 
ca. 0.3 V mainly corresponds to the pseudocapacitive contribution of electroactive surface 
oxygen groups, which are known to be generated during the functionalization process in acid 
media when potentials higher than 0.8 V are used [5].  This is also observed in the experiment 
in the absence of ABA, where a broad redox process appears at about 0.30 to 0.40 V that is 
attributed to the formation of quinone groups over the ZTC surface. Furthermore, if the CV is 
examined closely, new redox contributions can be found at 0.10 V and 0.35 V (see arrows in 
Fig. 3). These small redox peaks were not found in previous studies with different carbon 
materials [8], [30], and seem to be characteristic of the electrochemical functionalization of 
ZTC with ABA molecules. The peak at 0.49 V is related to the formation of oligomers of 4-
ABA, by the incorporation of p-aminobenzoic monomers at the ortho- position to the carboxylic 
groups, which probably are strongly attached to the ZTC surface through non-covalent 
interactions, generating electroactive species in acid medium thanks to the protonation reaction 
of the amino group [31]. The potential value where this redox reaction appears is also very 
similar to that obtained over CNT for the same electrochemical treatment of functionalization 
with para-substituted amino-benzene acids [8].  
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Fig 3. Cyclic voltammetry in 1M H2SO4 solution of the functionalized electrodes with 4-ABA 
(solid line) and without 4-ABA (dashed line) by the electrochemical treatment shown in Fig. 2. 
Scan rate: 5 mV s-1, 4th cycle.  
The characterization in H2SO4 of the functionalized electrode by direct potentiodynamic 
functionalization up to 1.1 V (the treatment shown in Fig. 1) is presented in Fig. 4. It can be 
observed a very different response compared to the one obtained in Fig. 3. It shows a large peak 
at 0.38V and a small one at 0.49 V. The last one has been observed before for 4-ABA step-wise 
functionalized ZTC in Fig. 3, but now the much lower intensity seems to point out that scanning 
the potential directly to 1.1 V while also using a lower scan rate leaded to the preferential 
oxidation of the ZTC instead of the formation of the 4-ABA oligomers. This is confirmed by the 
very similar CV obtained in sulfuric acid 1M of the ZTC treated in perchloric acid in the 
absence of 4-ABA (dashed line in Fig. 4). In both cases, the main contributions to the 
pseudocapacitance are the redox processes coming from the electro-generated surface oxygen 
groups. 
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Fig 4. Cyclic voltammetry of the modified electrodes with 4-ABA (solid line) and without 4-
ABA (dashed line) in 1M H2SO4 solution at 5 mV s-1, 4th cycle. 
Consequently, these tests show that the functionalization process depends on the positive 
potential limit and the scan rate applied during the treatment. When a step-wise process is used 
with low positive potentials, the 4-ABA related reactions are probably occurring at the same 
time as the electrochemical oxidation of ZTC. However, at high potentials the electrochemical 
oxidation of ZTC prevails. Then, if the ZTC electrode is electrochemically treated at low 
positive potentials before opening the potential window on the positive side, the 4-ABA related 
electroactive species created on the ZTC surface can hinder the electrooxidation process that 
would otherwise take part over ZTC surface when it is later exposed to the potential of 1.1 V. 
Therefore, a lower positive potential limit and short oxidation times (i.e higher scan rate) are 
preferred in order to promote the 4-ABA functionalization upon the ZTC electrochemical 
oxidation.  
3.5. Optimized electrochemical functionalization of ZTC with aminobenzoic acids 
Based on the results shown above, new conditions were chosen. As it was demonstrated before, 
high positive potentials lead to the oxidation of the ZTC instead of the functionalization, then 
functionalization treatments until 0.8 V at 5 mV s-1 were proposed for 2 and 4-ABA. This 
potential seems to be high enough to favor the formation of oligomers that will be non-
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covalently attached on the surface of ZTC, while direct covalent functionalization will be 
probably less favored [8], [25]. The results of the functionalization processes are shown in Fig. 
5; a blank experiment in which ZTC is submitted to the same treatment, but in the absence of 
any aminobenzoic acid, is also included for comparison purposes.  
  
 
Fig 5. Cyclic voltammetry of an electrode of ZTC in 0.1M HClO4 + (a) 1mM 2-ABA and (b) 
1mM 4-ABA at 5 mV s-1, 20 cycles. The black line corresponds to the experiment without 
monomer in solution. 
The results in Fig. 5 do not show a clear peak related to amine oxidation process for 2-ABA and 
4-ABA, but compared with the blank experiment, the oxidation current is higher in both cases. 
Those oxidation currents decrease with the number of cycles, generating redox processes at 
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lower potentials, being clearer and better defined in the case of the 2-ABA. This result is 
expected because 2-ABA polymerizes easier than 4-ABA due to steric effects. The 2-ABA is 
able to form a linear polymer similar to PANI, whereas 4-ABA can form very short-chain 
ramified oligomers [31]. 
Fig. 6 shows the characterization of these functionalized ZTC electrodes with 2-ABA 
(ZTC_2ABA) and 4-ABA (ZTC_4ABA) in acid (1M H2SO4) and basic (0.1M KOH) media. 
Compared to the blank experiment (i.e. ZTC electrochemically treated in 0.1M HClO4), the 
functionalized ZTCs shows unique redox peaks, corresponding to the attached molecules that 
are electroactive in both media, and the position of the main redox peaks is different for each 
ABA. In acid medium (Fig. 6a), the ZTC_2ABA shows the formation of three peaks at 0.11, 
0.27 and 0.35 V. The peaks appear at lower potentials than the ZTC_4ABA, which shows redox 
processes at 0.35 and 0.51 V. This fact can be attributed to the self-doping effect of the 
carboxylic group close to the amine group [31].  
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Fig 6. Cyclic voltammetry of functionalized ZTC without ABA (black line), with 2-ABA (red 
line) and 4-ABA (green line) in (a) 1M H2SO4 and (b) 0.1M KOH at 5 mVs-1, 4th cycle.  
The CV response in basic medium (Fig. 6b) is different to that in acid medium. In the case of 
ZTC_2-ABA, only a small redox process at -0.45 V appears, which is close to the potential 
where the peak of ZTC_2-ABA is found in 1M H2SO4 (Fig. 6a). Except for that redox process, 
the electrode behaves fairly similar to the modified ZTC in the absence of any ABA (black line 
in Fig. 6b), which shows less intense processes than in acid electrolyte in this potential window. 
Interestingly, for the ZTC_4-ABA electrode two broad peaks centered at -0.55 and -0.30 V 
appear which provide to this sample with a higher contribution of pseudocapacitance in this 
electrolyte. The 2-ABA polymer is known to be partially soluble in basic media, and therefore it 
could be detached from ZTC surface and washed out from the porosity in 0.1 M KOH solution. 
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In spite of that, it is possible to see remaining redox processes, pointing out that part of the 2-
ABA functionalities (probably those covalently bonded) still remain attached to the surface. The 
higher stability and electroactivity showed by ZTC_4-ABA could be explained considering that 
ZTC has been covalently modified in a larger extent because the polymer formation with this 
molecule is more impeded.    
In general, the materials show a net increase in the capacitance, as consequence of the 
pseudocapacitance contribution of the redox processes associated to the ABA molecules. 
Capacitances in acid medium of 399 F g-1 were measured at 1 mV s-1 for the ZTC treated in the 
absence of ABA, whereas values of 427 and 441 F g-1 were obtained for ZTC_2-ABA and 
ZTC_4-ABA at the same scan rate, respectively. When the capacitance is determined in basic 
medium, it varies to 286, 318 and 364 F g-1 for the blank, ZTC_2-ABA and ZTC_4-ABA. Fig. 7 
shows the rate performance for all samples in acid and basic media. Interestingly, the net 
increase in capacitance, which is as high as 78 F g-1 for ZTC_4-ABA in basic medium and 30-
35 F g-1 for both functionalized electrodes in acid medium, is kept upon increasing the scan rate; 
this demonstrates that the ABA polymers and molecules must be attached on the carbon surface, 
and therefore the electron transfer and charge propagation to ZTC is fast, unlike a solution redox 
process.  
If we consider that each redox process is related to the presence of one electroactive heteroatom 
and only implies the transfer of one electron, the amount of heteroatoms functionalized on the 
ZTC surface can be determined from the differences in charge registered during the CV 
measurements between the electrochemically functionalized ZTC in the absence and presence 
of ABA. From the results obtained in acid media, where all the introduced functionalities should 
be electroactive, the amounts are 0.416 and 0.368 mmol g-1 for ZTC_2-ABA and ZTC_4-ABA, 
respectively. The capacitance retention at fast scan rates is higher in acid medium and better 
than for the oxidized ZTC, which could be helpful for high power applications. In both media, 
the loss of capacitance seems to be mainly inherent to ZTC and unaffected by the presence of 
the functionalities.  
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Fig 7. Rate performance of functionalized ZTC in (a) 1M H2SO4 and (b) 0.1M KOH. 
The possible effect of these ABA species on the conductivity and ion mobility of the electrode 
has been analyzed by EIS. Fig. 8 shows the Nyquist plot of the ZTC in 0.1M perchloric acid 
before and after the functionalization with 2-ABA. It is possible to see that the electrodes show 
the characteristic response of a porous carbon electrode and that, after the functionalization, a 
similar trend is observed in both cases. First, the Equivalent Series Resistance (ESR) seems to 
be slightly improved after the electrochemical treatment, without any relevant differences 
arising in the size of their semicircle after the functionalization. Second, a rather low Equivalent 
Distributed Resistance (EDR, a known feature of ZTC, which possesses a highly interconnected 
array of micropores that enhances ion mobility through it) and the quasi-ideal capacitor 
behavior with a vertical line recorded at low frequencies, are kept after the electrochemical 
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treatment in 0.1 M HClO4, independently of the presence of ABA in the electrolyte. The similar 
tendencies found seem to confirm that the formation of ABA functionalities in the pore network 
of ZTC do not render a significant decrease neither in electrical conductivity nor in ion mobility 
which allow to preserve a good retention of capacitance (Fig. 7).  
   
Fig 8. Nyquist plot of the pristine (black line) and 2-ABA modified electrode (red line) in 0.1M 
HClO4. 
3.6. Electrochemical stability of the electrodes 
In order to evaluate the electrochemical stability of the modified ZTC materials, cyclability tests 
were done in acid electrolyte (1M H2SO4). Fig. 9 shows the results of CV at 10 mV s-1 after the 
1st and 500th cycle. It can be seen that the CV shows an excellent stability after cycling in both 
cases. This result confirms that the redox processes are not occurring in solution (otherwise, the 
products will diffuse out the porosity towards the bulk of the solution) and correspond to redox-
active species strongly attached to the surface of the electrode material. 
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 Fig 9. Cyclic voltammetry in 1M H2SO4 of (a) ZTC_2-ABA and (b) ZTC_4-ABA, at 10 mVs-1. 
The behavior of the functionalized electrodes at very high positive potentials was tested by 
performing a CV from 0 to 1.2 V in 1M H2SO4 at 5 mV s-1, 5 cycles. Fig. 10 shows the CV 
obtained in the characterization potential region for the three electrodes after the treatment. It is 
possible to observe significant changes in the CV after subjecting the materials to strong 
oxidation conditions. The CVs patterns of the modified ZTC samples are quite similar to the 
sample without any ABA functionalities. Interestingly, the electrode ZTC_4-ABA still shows 
the unique redox peak at 0.51 V, which corresponds to electroactive species. It seems that such 
high potentials are oxidizing and removing most of the ABA species present on the ZTC, being 
the most stable those derived from 4-ABA. 
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Fig 10. Cyclic voltammetry in 1M H2SO4 after oxidation treatment of functionalized ZTC 
without ABA (black line) and with 2-ABA (red line) and 4-ABA (green line) at 5 mV s-1, 5th 
cycle.   
3.7. Structural and chemical characterization 
X-ray diffraction patterns of ZTC are shown in Fig. 11a. The small peak displayed at 2θ = 18.2º 
correspond to the PTFE used during the fabrication of the ZTC paste. ZTC treated in the 
absence of ABA molecules (blank experiment) shows a sharp peak at 2θ = 6.4º, being derived 
from {111} reflections of zeolite Y as a template [28]. ZTC_2-ABA and ZTC_4-ABA show a 
weaker peak, and also a smaller contribution of the diffraction at low angles. These features can 
be explained on the basis of the formation of the species inside the pores of the ZTC rather than 
in a destruction of the ordered structure. Thus, the intensity ratio of the {111} peak with respect 
to the background intensity at 2θ = 10 º decreased 45 % and 46 % in the case of the ZTC_2-
ABA and ZTC_4-ABA, respectively. This ratio is similar to the decrease found in the intensity 
ratio at low angles. As shown before, the functionalization of ZTC with ABA does not hinder 
the ion mobility and charge transfer through ZTC in aqueous electrolyte, a result that seems to 
confirm that the structure of ZTC is not damaged; rather than that, it is filled with the ABA 
functionalities.  
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Fig 11. (a) XRD patterns of functionalized ZTC with and without ABA. (b) FTIR spectra of 
functionalized ZTC without ABA and with 2-ABA (red line), 4-ABA (green line). 
 
Fig. 11b shows the FTIR transmission spectra in the region between 1200 and 600 cm-1 of the 
three electrodes presented before. It is important to note that all bands found for the electrode of 
ZTC functionalized in the absence of ABA are also present in the ABA-functionalized 
electrodes, showing no shifting on their position. Most of them can be ascribed to the presence 
of oxygen groups or to the PTFE binder. A new band approximately at 740 and 760 cm-1 can be 
seen in ZTC_2-ABA and ZTC_4-ABA, respectively, which is not found in the ZTC electrode 
when no ABA is added during the functionalization treatment. It corresponds to the stretching 
mode of aromatic amine groups present in the ABA molecule, confirming the successful 
functionalization of ZTC with the amino-benzoic acids [32], [33]. The position of the band 
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seems to shift depending on whether the 2- or the 4-ABA monomers are used during the 
functionalization, which agrees with the different structures that can be obtained with the two 
monomers. 
The surface composition and the oxidation states of the species of the materials were studied by 
XPS. An increase in nitrogen and oxygen content is observed for all functionalized samples 
compared with ZTC (Table 1). Blank experiment confirmed that most of the oxygen in the 
samples is due to the electrooxidation process. However, the additional oxygen content can be 
attributed to the aminobenzoic molecule that has a carboxylic functionality in its structure. This 
is also supported with the amount of nitrogen in the functionalized ZTC, which shows an 
increment that reaches a 1.4% of nitrogen in its atomic composition. It is important to remark 
that in the case of ZTC_2-ABA the content in nitrogen and oxygen is higher than for the 
ZTC_4-ABA. The results confirm that the functionalization at lower potentials is higher in the 
case of 2-ABA than 4-ABA. The results obtained by XPS are in agreement with the ones 
obtained by electrochemical measurements. The polymerization over ZTC surface is easier for 
the one with ortho- position; in the case of para- substituted aminobenzoic acid the formation of 
the polymer is impeded because of the aforementioned steric effects, which leads to the 
formation of  few short-chain oligomers.  
Table 1. Atomic composition obtained by XPS of functionalized ZTC without ABA and with 2-
ABA and 4-ABA 
Sample C1s / At.% N1s / At.% O1s / At.% 
ZTC_Blank 94.0 0.0 6.0 
ZTC_2-ABA
 
93.4
 
1.4
 
5.2
 
ZTC_4-ABA
 
94.5
 
1.2
 
4.4
 
 
Fig. 12 shows the N1s XPS spectra for the different functionalized ZTC. For both samples, a 
N1s peak was observed at 400.3 eV, which can be separated in two contributions, one at 399.3 
eV assigned to neutral amines, and a second at 400.5 eV assigned to positively charged amines 
[34]. The presence of these nitrogen species suggests that functionalization was produced by the 
formation of ramified polymers from the linkage of several aminoacids molecules via amine 
bridges [31].  
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Fig 12. XPS spectra N1s for: (a) ZTC_2ABA, (b) ZTC_4ABA 
 
The formation of nitrogen-rich stable polymers and oligomers was also demonstrated by 
temperature-programmed desorption (TPD). Fig. 13 shows the TPD profiles for all samples. In 
the experiments, the evolution of CO, CO2, HCN and NH3 was followed. Several other m/z 
signals related to the formation of other gaseous products (NO, NO2, methane, hydrogen…) 
were also followed, but are not shown herein since they did not provide any relevant 
information. The decomposition of surface oxygen functionalities of a porous carbon upon 
heating in inert atmosphere is a well-known process that has been extensively used for 
characterizing the surface functionalities of porous carbon materials [35], [36]. It is known that 
CO evolution is related to the decomposition of neutral and basic groups such as carbonyl, 
quinones, phenols, ethers and some others, which can be identified thanks to their different 
thermal stabilities, which causes them to evolve as CO at different temperatures. Similarly, CO2 
desorption is mainly related to the decomposition of carboxylic, anhydride and lactone moieties; 
in the case of anhydrides, they are also accompanied by the release of a CO molecule for each 
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formed CO2 molecule. Similarly, the presence of N-functionalities can also be detected 
following the m/z lines corresponding to the gases evolved during its decomposition [37]. 
  
   
 
Fig 13. TPD profiles for the ZTC, ZTC_2-ABA y ZTC_4-ABA electrodes (a) CO, (b) CO2 and 
(c) HCN evolution 
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The CO-TPD profiles in Fig. 13a show that the three electrodes have a large amount of surface 
oxygen groups, though the nature and amount of CO-evolving groups are quite different for the 
ZTC sample after the electrochemical treatment in the absence of ABA (ZTC_Blank). A large 
peak of CO desorption at 750 ºC can be seen for this electrode. This seems to be related to the 
decomposition of quinone/carbonyl type groups, which are known to be formed during the 
electrochemical oxidation of ZTC [4]. Interestingly, the amount of CO-type groups is much 
smaller in the case of the ZTC_2-ABA and ZTC_4-ABA and the most predominant contribution 
is a peak at around 650 ºC, being associated to decomposition of less thermally stable groups. 
These results show that, as previously discussed, during the functionalization treatment in the 
presence of ABA molecules most of the charge is used for the ABA oxidation thus preventing 
the ZTC electrochemical oxidation. Probably, either the ABA-containing molecules occupy the 
ZTC active sites or the ABA-related reactions are faster than the ZTC electrooxidation. 
It is important to highlight here that quinone/carbonyl groups have been claimed to be 
electroactive specially in acid electrolyte [38], and are clearly observed in the case of ZTC [5], 
[29]. However, the pseudocapacitance contribution associated to redox reactions of quinone-
type groups was similar for the ABA-modified samples (see Fig. 6). Therefore, it can be 
concluded that not all the CO-type surface oxygen groups that are formed during the 
electrochemical functionalization of ZTC are electroactive, in agreement with previous 
observations [39], and that most of the electroactive oxygen groups are still present after 
functionalization with ABA molecules, thus suggesting that overoxidation of  the carbon 
material can be avoided when ABA monomers are added during the treatment. This opens the 
possibility of increasing the selectivity towards the most electroactive surface functional groups.  
Another interesting result comes from the examination of the CO2 profiles (Fig. 13b). They 
show an increase of CO2 desorption at around 400 ºC in the ABA-functionalized ZTC. The 
narrow desorption peaks correspond to the thermal decomposition of a homogeneous species. It 
clearly corresponds to the decomposition of the carboxylic acid from the ABA oligomers. The 
CO2 evolution observed for ZTC_2-ABA, contains a CO2-peak at lower temperatures that can 
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be due to the destabilizing effect of the amine bridge in the vicinity of the carboxylic group, 
facilitating its thermal decomposition.  
Fig. 13c shows the HCN-TPD profiles of the ABA-functionalized ZTC electrodes. The profile 
of ZTC functionalized in absence of any ABA molecule was subtracted to those shown to rule 
out the possible interference of the PTFE used during the fabrication of the ZTC paste (which 
also has a contribution in the m/z=27 line) in this experiment. Desorption of HCN forms a large 
peak at 750 ºC, and the release of small amounts of NH3 was also found at this temperature (not 
shown). This process seems to be connected to the thermal decomposition of the amine and 
imine groups that exist in the oligomers, polymers and other species obtained from 
functionalization in the presence of 2- and 4-ABA.  
The quantification of the amount of desorbed CO, CO2, NH3 and HCN is included in Table 2.  It 
is important to remark that the quantity of HCN for ZTC_2-ABA is twice that of ZTC_4-ABA, 
which confirms that 2-ABA is more easily polymerized than 4-ABA. The relationship between 
the amount of N-containing groups and the amount of carboxylic groups (determined from 
difference with the blank experiment) seems to be close to 1:1 in both cases. Another interesting 
result is the clear inverse relationship between the amount of N groups and the amount of CO-
desorbing groups. The larger the amount of N groups (i.e. the more extensive the 
functionalization is), the lower the amount of electrochemically generated CO groups. 
Moreover, the amount of electroactive groups that were measured from the charge in the CVs of 
Fig. 6 (416 and 368 µmol g-1 for 2- and 4-ABA, respectively) seems to be in agreement with the 
amount of N groups.  
Table 2. Evolution of CO, CO2, HCN and NH3 from TPD experiments 
 CO 
µmol g-1 
CO2 
µmol g-1 
HCN 
µmol g-1 
NH3 
µmol g-1 
ZTC_2ABA 2829 1361 295 114 
ZTC_4ABA 3332 1457 170 109 
ZTC_Blank 4529 1022 0 0 
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4. CONCLUSIONS 
The electrochemical functionalization of ZTC with 2- and 4- aminobenzoic acids has been 
carried out using a potentiodynamic method. The functionalization was achieved by using 
oxidative conditions where the amino group of the amino-benzoic acid is activated and can form 
either an electroactive polymer layer on the top of the ZTC surface or a covalent bond with the 
highly abundant edge sites of ZTC. Different experimental conditions were tested in order to 
perform a successful functionalization. When a high upper potential limit is used (1.1 V), the 
generation of oxygen functionalities is preferred over the functionalization with aminobenzene 
acids. This is due to the low amount of monomer and the high reactivity of ZTC and high 
concentration of edge sites. Consequently, the functionalization process was proposed and 
successfully achieved using lower upper potential (0.8 V). The electrochemical behavior of the 
functionalized samples have been carried out in acid and basic media, demonstrating the 
appearance of redox processes, some of them being unique to this system and being probably 
related to the collaboration between surface functionalities of the highly reactive ZTC and 
ABA-derived short chain polymers. Thus, the functionalized electrodes show an increase in the 
capacitance value compared to the pristine one due to the pseudocapacitance contribution. The 
increase in capacitance is also maintained at high scan rates, pointing out a fast charge transfer 
between the inserted functionalities and the ZTC electrode. The introduced functionalities are 
stable upon successive cycling and exposure to high oxidative potentials leads to an oxidation 
and removal of most of the ABA species present on the ZTC surface. XRD confirmed that 
functionalities have been generated inside the porosity of ZTC, while FTIR, XPS and TPD 
experiments verified the functionalization process by confirming the presence of different 
nitrogen groups over the ZTC surface. These promising results show an alternative method for 
the modification of surface chemistry of highly porous carbon materials. 
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